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REMARKS 

THE AMENDMENTS 

Applicants acknowledge, with appreciation, 
Examiner's indication that the rejection of claims 2-3, 8- 

9, 14 and 19 under 35 U.S.C. §103 (a) and of claim 8 under 
35 U.S.C. §112, second paragraph, made in the Office Action 
mailed on April 17, 2 007 are withdrawn. 

Applicants have amended Claim 9 to improve its 
form and has amended Claim 19 for clarity. Claims 2-3, 8- 

10, 14, and 19 are pending in the present application. 

These amendments are made without prejudice and 
without waiver of applicants' right to pursue any canceled 
subject matter in one or more applications claiming 
priority herefrom under 35 U.S.C. §12 0. 

These amendments add no new matter. 

Applicants request reconsideration of the above- 
identified application, in view of the above amendments and 
the following remarks. 

REJECTIONS 

35 U.S.C. §112, Second Paragraph 

Claim 9 is rejected under 35 U.S.C. § 112, second 
paragraph, as "indefinite.'' Office Action, page 3. 
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The Examiner asserts that it is indefinite for 
reciting the phrase "or preferably four." Applicants have 
amended claim 8 to remove the phrase "or preferably four, " 
thereby obviating this rejection. 

Accordingly, applicants request the Examiner 
withdraw this rejection. 

Claim 19 is rejected under 35 U.S.C. § 112, 
second paragraph, as "indef inite . " Office Action, page 3. 

Specifically, the Examiner asserts that claim 19 
is indefinite for not making grammatical sense in its 
recitation of the phrase "determining whether an offspring 
of an individual afflicted with a phakomatosis , wherein 
said phakomatosis is a tumor suppressor gene disease has an 
increased risk of developing the tumor suppressor gene 
disease comprising. . . " Applicants have amended claim 19 to 
insert a comma after the phrase "wherein said phakomatosis 
is a tumor suppressor gene disease^" thereby clarifying 
that this phrase modifies the term phakomatosis. As such, 
it is understood that further recitation of the phrase "the 
tumor suppressor gene disease" throughout the claim refers 
to the tumor suppressor gene disease which is a 
phakomatosis. Thus, as amended, the claim is clear and has 
consistent claim terminology and breadth throughout. 
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Accordingly, applicants request the Examiner 
withdraw this rejection of claim 19 and of claims 
dependent thereon (e.g., claims 2-3, 8-10, and 14). 

35 U.S.C. §112, First Paragraph 

Claims 2-3, 8-10, 14, and 19 are rejected under 
35 U.S.C. §112, first paragraph, as failing to comply with 
the enablement requirement . 

The Office Action recites the Wands factors as 
criteria for establishing whether the disclosure would 
require undue experimentation and alleges that the claims 
lack enablement for "a method of determining whether an 
offspring of an individual afflicted with any type of 
phakomatosis . . . " Office Action, page 3. 

The breadth of the claims & enablement issues: 

The Office Action alleges that the "instant 
specification. . .does not reasonably convey to a skilled 
artisan that the method as claimed can be practiced fully 
commensurate in scope of the claimed breadth." The Office 
Action recites neurofibromatosis, tuberous slerosis, 
Sturge-Weber syndrome, and von Hippel-Lindau disease as 
specific examples of different phakomatosis diseases, 
asserting that the specification "fails to demonstrate that 
their method is also applicable to other conditions 
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embraced by the broad terminology, 1 phakomatosis . 1 " Office 
Action, page 4. 

Applicants believe that the Examiner may have 
misunderstood what is claimed. The claims as currently 
presented do not encompass 11 . . . any type of phakomatosis..." 
Rather, they are directed to a subset of phakomatoses . 
Specifically, the claims as currently presented are 
directed to the subset of phakomatoses that are tumor 
suppressor gene diseases . As presently amended (for form) , 
claim 19 recites methods "for determining whether an 
offspring of an individual afflicted with a phakomatosis, 
wherein said phakomatosis is a tumor suppressor gene 
disease, has an increased risk of developing the tumor 
suppressor gene disease..." (Emphasis added.) 

Applicants assert that the breadth of the claims 
as currently presented, specifically as related to 
phakomatoses which are tumor suppressor gene diseases, is 
fully enabled by the present disclosure. 

The amount of direction or guidance present: 

The Office Action asserts that the 
"...application's disclosure and guidance is directed 
solely to a single species of phakomatosis, 
neurofibromatosis," alleging that there is no "discussion 
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or guidance in the specification which would guide a 
skilled artisan to practice the invention drawn to other 
species embraced by the term, 1 phakomatosis . 1 11 Office 
Action, pages 4-5. Applicants disagree. 

The language throughout the specification as 
originally filed clearly indicates that neurofibromatosis 
is merely an exemplary embodiment of the invention and not 
the full scope of the invention. In fact, the language 
used throughout the specification, as originally filed, is 
non- limiting and makes clear that the scope of the 
invention is broader than the any particular embodiment 
discussed therein. Furthermore, the application makes 
clear that the methods described for neurofibromatosis 
within the application are exemplary for all tumor 
suppressor gene disease phakomatoses . 

For example, both the Field of the Invention and 
the Abstract state that "the invention concerns a method 
for the determination of data for the preparation of the 
presymptomatic or prenatal diagnosis of phakomatosis..." 
(Page 1, lines 4-6, and Abstract, lines 2-4.) Furthermore, 
the specification clearly states that "the problem [of the 
current state of the art for diagnosis of phakomatosis, in 
particular of tumor suppressor gene disease,] is solved 



Page 9 of 14 



Application No. 10/692,537 

Amendment and Reply dated September 9, 2008 
Reply to Office Action of March 12, 2008 

according to the invention by means of a method according 
to the claims." (Page 2, lines 17-18.) The claims as 
originally filed recite "a method for the determination of 
data for the preparation of presymptomatic or prenatal 
diagnosis of phakomatosis comprising the steps..." (Claims 
1 and 4 as originally filed.) Accordingly, the methods 
recited in the claims as originally filed provide ample 
direction and clear guidance for the skilled artisan to 
practice the full scope of the presently claimed invention, 
e.g., for practice related to phakomatoses that are tumor 
suppressor gene diseases in general, not restricted to the 
exemplary embodiment species of neurofibromatosis. 

The nature of the invention, unpredictability in 
the art, & state of prior art: 

The Office Action describes the nature of the 
invention as being related to the "correlation of gene 
mutations," asserting that such is highly unpredictable in 
the art. (Office Action, page 5.) However, the nature of 
the invention, as unambiguously described throughout the 
specification, is related strictly to a method of 
determining whether the offspring of an individual 
afflicted with a tumor suppressor gene disease phakomatosis 
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has an increased risk of developing the tumor suppressor 
gene disease. 

In describing the state of the prior art and the 
predictability or lack thereof in the art, the Office 
Action refers to the disclosures of Lucentini et al . (The 
Scientist, 2004, vol. 18), Wacholder et al . (J. Natl. 
Cancer Inst., 2004, 96(6), 435-442), and Ioannidis et al . 
(Nature Gen., 2001, 29, 306-309), all reporting 
discrepancies with correlation of gene mutations. However, 
none of these references specifically assesses the 
predictability of genetic analysis associated with 
phakomatoses which are tumor suppressor gene diseases. In 
fact, of the 36 different genetic disease associations 
detailed in Ioannidis et al . , there is not one phakomatosis 
listed. Thus, the art cited in the Office Action is not 
directly applicable to the diseases relevant to the present 
invention. Furthermore, as stated above, the subject of 
the art cited, namely gene mutation analysis, is not the 
subject of the nature of the invention. More importantly, 
Applicants' invention is not the discovery of a correlation 
between a particular mutation and a disease. Rather, the 
invention involves detecting the presence or absence of an 
allele for determining whether the offspring of an 
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individual afflicted with a tumor suppressor gene disease 
phakomatosis has an increased risk of developing the tumor 
suppressor gene disease. 

In fact, of the tumor suppressor gene disease 
phakomatoses listed in the Office Action (page 4) , 
neurofibromatosis, tuberous sclerosis, and von Hippel- 
Lindau disease, the corresponding tumor suppressor genes 
had been identified by the time of applicants' filing date. 
The NF1 and NF2 genes of neurofibromatosis were identified, 
inter alia, in the Background of the Invention in the 
application as originally filed. (See, for example, page 
2, lines 2-9.) The TSC2 and TSC1 genes of tuberous 
sclerosis are discussed, for example, in Carbonara, C, et 
al . , Genes Chromosomes Cancer , 1996, 15(1), 18-25 (Exhibit 
A) . The VHL gene of von Hippel-Lindau disease is 
discussed, for example, in Tory, K. , et al . , J. Natl. 
Cancer Inst. , 1989, 81(14), 1097-1101 (Exhibit B) . The 
well-established links between these tumor suppressor genes 
and their corresponding phakomatoses are evidence of the 
level of skill in the art associated with gene-disease 
correlation inside the area of phakomatosis. 
The Office Action has also cited Tucker et al . (J. Natl. 
Cancer Inst., 2000, 92(7), 530-533) and its assertion of 
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the variation in the presence of loss of heterozygosity in 
various neurofibromas. Applicants respectfully submit that 
neurofibromas without loss of heterozygosity do not fall 
within the scope of the claimed invention. Claim 19, step 
d, clearly recites "...establishing the loss of an allele 
in the tumor of the afflicted individual, based on the 
comparison [of the amount and length of the one or more 
amplified polymorphous DNA microsatellite markers...]" As 
such, reference to this study is irrelevant and 
inapplicable to analysis of the present invention. 

For at least these reasons, the scope of the 
present claims is fully supported by the specification. 
When the Wands factors are considered in light of the 
claims, the teaching of the present disclosure, and the 
level of skill in the art, it is clear that undue 
experimentation would not be required to practice the 
claimed invention. As such, the application, as filed, 
fully enables the claims as amended and the claims 
dependent thereon. Accordingly, applicants request the 
Examiner withdraw this rejection. 
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Provisional Obviousness-Type Double Patenting 



Claims 2, 3, 8-10, 14, and 19 stand 
provisionally rejected for nonstatutory obviousness- type 
double patenting as "unpatentable" over claims 1-16 of U.S. 
Patent No. 6,660,477, for reasons detailed in the August 
15, 2006 Office Action. 

Applicants stand ready to file a Terminal 
Disclaimer upon the Examiner ! s indication of allowable 
subject matter in this application. 

CONCLUSION 

In view of the foregoing amendments and remarks, 
applicants respectfully request that the Examiner withdraw 
all the objections and rejections and allow all of the 
claims of this application. 



Respectfully submitted, 

Jane T. Gunnison (Reg. No. 38,479) 
Attorney for Applicants 
Joanne M. Holland (Reg. No. 61,315) 
Agent for Applicants 

ROPES & GRAY LLP 
Customer No. 14 73 
1211 Avenue of the Americas 
New York, New York 10036 
Tel. : (212) 596-9000 
Fax.: (212) 596-9090 
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Apparent Preferential Loss of Heterozygosity at TSC2 Over 
TSCl Chromosomal Region in Tuberous 
Sclerosis Hamartomas 

Caterina Carbonara, Lucia Longa, Enrico Grosso, Gianna Mazzucco, Carla Borrone, Maria Luisa Garre, 
Massimo Brisigotti, Giorgio Filippt, Aldo Scabar, Aldo Giannotti, Piero Falzoni, Guido Monga, Gianni Ganni. 
Marzio Gabrlelli, Peter Riegler, Cesare Danesino, Martino Ruggieri, Gaetano Magro, and Nicola Migone 

CNR Centre Immunogenetica ed Oncologia Sperimentale. Dipartimento di Genetica, Biologia e Chimica Medica (C.C.. L.L, E.G., 
N M ) and Anatomia Patologica (G.Maz.), Universita di Torino, Torino; Clinica Pediatrica II (C.B.) and Oivisione di Emato-Oncologia 
Pediatrica (M LG ) Istituto G. Gaslini, Genova; Divisione di Anatomia Patologica I. Ospedali Civili. Brescia (KB.): Genetica Med.ca 
(GF) and Servizio di Neuropsichiatr.a Infantile (A.S.). Ospedale Regionale Garofalo. Trieste; Servizio di Genetica Med.ca. Ospedale 
Bambino Gesu. Roma (A.G); Omirgia Pediatrica (P.P.) and Anatomia Patologica (G.Mo.). Novara; Clinica Med.ca I e Nefrologm 
(GG.) and Anatomia Patologica (M.G.). Universita di Parma: Servizio di Nefrologia. Ospedale Regionale. Bolzano (P.R.); Genetica 
Medica, Universita di Pavia. Pavia (CD.); Divisione di Neurologia Pediatrica. Clinica Pediatrica (M.R.). and Anatomia Patologica 
(G.Mag.). Universita di Catania. Catania. Italy 

To investigate the molecular mechanisms of tuberous sclerosis (TSC) histopathologic lesions, we have tested for loss of 
heterozygosity the two TSC loci (TSCl and TSC2) and seven tumor suppressor gene-containing regions (TP53. NFI,NF2, &RCAI, 
APC, VHL. and MLM) in 20 hamartomas from 18 TSC patients. Overall, eight angiomyolipomas, eight giant cell astrocytomas, 
one cortical tuber, and three rhabdomyomas were analyzed. Loss of heterozygosity at either TSC locus was found in a large 
fraction of the informative patients, both sporadic (7/14) and familial (1/4). Interestingly, a statistically significant preponderance 
of loss of heterozygosity at TSC2 was observed in the sporadic group (P < 0.0 1 ). Among the possible explanations considered, 
the bias in the selection for TSC patients with the most severe organ impairment seems particularly appealing. According to 
this view, a TSC2 defect might confer a greater risk for early kidney failure or, possibly, a more rapid growth of a giant cell 
astrocytoma. None of the seven antioncogenes tested showed loss of heterozygosity, indicating that the loss of either TSC gene 
product may be sufficient to promote hamartomatous cell growth. Finally, the observation of loss of heterozygosity at different 
markers in an astrocytoma and in an angiomyolipoma from the same patient might suggest the multifocal origin of the second-hit 
mutation. Genes Chromosom Cancer 15:18-25 f/996). © 1996 Wiley-Liss. Inc. 



INTRODUCTION 

Tuberous sclerosis (TSC) is an autosomal dom- 
inant condition characterized by the presence of 
hamartomas in different organs, such as skin, 
brain, kidney, heart, retina, and lung (Gomez, 
1991). Linkage analysis revealed genetic heteroge- 
neity with two loci involved, TSCl and TSC2 y on 
chromosome regions 9q34 and 16pl3.3, respec- 
tively (Fryer et aL, 1987; Northrup et al., 1987; 
Kandt et al., 1992). These two loci account for 
most multigenerational TSC families, whereas 
none of the other candidate gene regions has been 
clearly confirmed in more recent studies (Sampson 
and Harris, 1994). The ratio of TSCl- vs. TSC2- 
linked families appears to vary from 30% to 70% 
(Northrup et aL, 1992; Kwiatkovvski et al., 1993; 
Povey et al., 1994a). In the large majority (approx- 
imately two-thirds) of patients, the TSC appears to 
be sporadic (Sampson et al., 1989; Osborne ct al., 
1991 ). The number, size, and anatomic localization 
of the hamartomatous lesions show a dramatic in- 
dividual variability, as documented by the long- 
lasting debate on TSC diagnostic criteria (Gomez, 



1991; Roach et al., 1992). The reported TSC prev- 
alence of 1/10,000 is likely to be underestimated, 
insofar as patients with very mild symptoms and no 
family history might go undiagnosed. 

Recently, loss of heterozygosity (LOH) of mi- 
crosatellite markers linked to 16pl3,3 (Green ct 
al., 1994a) or 9q34 (Carbonara et al., 1994; Green 
et al., 1994b) has been described for some TSC 
hamartomas, suggesting that both TSC genes could 
have a growth-suppressor-like function. To esti- 
mate whether TSCl and TSC2 defects might have 
differential roles in TSC lesions of different organs 
and tissues, we have investigated for LOH both 
TSC loci as well as seven known tumor suppressor 
gene-containing regions in a series of angiomyoli- 
pomas, giant cell astrocytomas, and rhabdomyo- 
mas, and in one cortical tuber from 18 TSC pa- 
tients. 
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LOSS OF HETEROZYGOSITY IN JSC HAMARTOMAS 



MATERIALS AND METHODS 

Patients and Tissue Specimens 

Twenty hamartomas (eight renal angiomyolipo- 
mas, eight giant cell astrocytomas, one cortical tu- 
ber, and three cardiac rhabdomyomas) obtained 
from 18 TSC patients were analyzed for loss of 
heterozygosity at TSCI, TSC2, and seven tumor 
suppressor gene loci. DNA extracted from periph- 
eral blood leukocytes was available as control of the 
germline genotype in all cases except for Nos. 29, 
59, 60, 67, and 68. Both maternal and paternal 
16pl3 and 9q34 haplotypes could be reconstructed 
from segregation analysis of the available family 
members (except for Nos. 67, 68, and 81). The 
diagnosis of TSC was made according to the crite- 
ria of Gomez (1991). Clinical examinations of the 
relatives of 10 probands revealed the presence of 
four familial cases (two 71SY?/-linked, Nos. 30 and 
33; two compatible with both loci, Nos. 57 and 60). 
The family of patient 33 has been described pre- 
viously (Carbonara et ai., 1994). In the remaining 
eight families (Nos. 20, 26, 34, 58, 59, 67, 68, and 
81), only anamnestic information about the rela- 
tives' clinical status was available. In two patients, 
lesions from two different pathologic sites could be 
analyzed (patient 3: giant cell astrocytoma and re- 
nal angiomyolipoma; patient 29: angiomyolipomas 
from the left and right kidneys). 

DNA Extraction and Polymerase Chain 
Reaction Analysis 

DNA from 5 u,m histologic sections of the par- 
affin-embedded hamartomas was extracted after a 
48-72 hr incubation at 40°C with 200 u-g/ml pro- 
teinase K in 10 mM Tris, pH 8.3, 50 mM KC1, 1.5 
mM MgCU, 100 u,g/ml BSA, 0.45% Tween 20, and 
0.45% Nonidet NP40 and a 10 min incubation at 
94°C. DNA from peripheral blood leukocytes was 
extracted according to standard methods (Maniatis 
et al., 1989). Four to eight microliter aliquots were 
amplified in a 20 uJ reaction containing 10 mM 
Tris, pH 8.3; 50 mM KCI; 200 \lM each of dATP, 
dGTP, and dTTP; 20 jjlM dCTP; 0.1 p-Ci 
( 33 P]adCTP; 10 pmol of each primer; and 1 U Taq 
polymerase. Concentrations of MgCl 2 (0.75-2 
mM) and annealing temperatures were optimized 
for each primer pair. Usually, 35-40 cycles were 
necessary for obtaining adequate products from bi- 
opsy specimens. The basic polymerase chain reac- 
tion (PCR) profile used was: 45 sec at 94°C ? 45 sec 
at 48-65°C, and 1 min at 72°C, with a final exten- 
sion for 5 min at 72°C. All PCR products were 
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analyzed on a 6% denaturing polyacrylamide gel 
containing 25% formamide and 8 M urea. 

The chromosome 16 markers tested were 
HBAP1, D16S525, D16S521, KC8, D16S291, 
D16S663, D16S283, D16S423, D16S407, 
D16S403, D16S401, D16S420, D16S296, 
D16S297, D16S299, D16S298, SPN, D16S409, 
D16S285, D16S416, D16S419, D16S514, and 
D16S402. On chromosome arm 9q, the TSCl- 
1 inked markers used, from centromere to telomere, 
were ASS, D9S125, D9S149, D9S150, D9S122, 
D9S66, D9S114, D9S67, and D9S158. Seven tu- 
mor suppressor gene-containing regions were in- 
vestigated by means of the following polymorphic 
markers: TP53, TP53CA (Jones and Nakamura, 
1992); NF1, 53.0 (Lazaro et al., 1993); BRCAl, 
D17S588; ARC, D5S346; VHL, D3S1435; NF2, 
D22S268; MLAi, IFNA, D9S171, D9S161, and 
D9S104. For further characterization of the 9p loss 
observed in one astrocytoma, the following mark- 
ers have been included: D9S319, D9S52, D9S43, 
and D9S165. References for the microsatellite 
markers used can be found in the Genome Data 
Base (GDB). 

RESULTS 

The analysis of TSCI- and 7SC2-linked polymor- 
phic markers in 20 hamartomas from 18 TSC pa- 
tients is summarized in Figure I. Eight 16pl3.3- 
and nine 9q34-associated microsatellites were 
selected for genotyping of both the tumor and the 
control DNA, either from peripheral blood leuko- 
cytes or from normal tissue adjacent to the hamar- 
toma. All patients were informative in at least one 
of the five loci spanning the TSCI critical region 
and at one or more loci both distal and proximal to 
TSC2. 

LOH at two or more markers was a common 
finding, occurring in 10 of the 20 samples (50%); in 
particular, in five of eight angiomyolipomas and in 
five of eight giant cell astrocytomas. Interestingly, 
the 16pl3 region was preferentially involved. LOH 
at 9q34 was present in only one case, a giant cell 
astrocytoma removed from a familial TSCl -linked 
patient (No. 33; previously described by Carbonara 
ct al., 1994). No LOH could be documented in the 
second 9q34-iinked familial case (rhabdomyoma 
No. 30) present in our sample collection. 

If we do not take into account the four familial 
cases (Nos. 30, 33, 57, and 60), we are left with 14 
patients who were informative at both loci. All of 
the 16p LOHs described here (nine samples from 
seven patients) were found within this subset, 
whereas no evidence of 9q LOH was obtained from 
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Figure I. LOH analysts at the TSC2 (upper pane!) and TSC/ (lower 
panel) loci in 20 hamartomas of 18 TSC patients, whose code numbers 
are given at the top. Two different lesions have been analyzed in patients 
3 (angiomyolipoma and astrocytoma) and 29 [angiomyolipoma from the 
left (L) and right (R) kidneys]. The markers studied are indicated at left. 
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AMU angiomyolipoma; GCA. giant cell astrocytoma; CT, cortical tuber; 
RBD, rhabdomyoma. The small solid rectangle at the left of the I6pl 3.3 
markers indicates the position of the TSC2 gene; the vertical black bar at 
the left of the 9q34 markers indicates the TSC/ critical interval. The four 
familial cases are indicated by asterisks. 



the same subjects. The parental origin of the chro- 
mosome 16 that had shown LOH could be estab- 
lished in six putatively sporadic patients; three 
were maternal and three paternal. 

The physical range of the LOH phenomenon 
was assessed by means of additional microsatellites 
known to map at variable distances from TSC J and 
TSC2. In seven of the nine samples with LOH at 
chromosome 16 (four angiomyolipomas and three 
astrocytomas from patients Nos. 3, 16, 29, 37, and 
68; see Fig. 1) the "deletion" appears quite large, 
spanning the 16pl2 region. In at least three of 
these samples, the LOH extends to 16pl \ markers 
as well (SPN, in the two angiomyolipomas of pa- 
tient No. 29; D16S298, in the angiomyolipoma of 



patient No. 37). In the remaining two cases of I6p 
LOH (Nos. 40 and 59), the "deletion" is shorter, 
ending at D16S423 (16pl3.3) and D16S407 
(16pl3.1-pl3.2), respectively (Fig. 1). The 9q 
LOH (No. 33) is restricted to 9q34-qter. The most 
telomeric markers tested, HBAPl and D9S158, ap- 
pear to be involved in all cases of LOH. 

Two different lesions from two patients (Nos. 3 
and 29) were studied in detail. As is shown in Fig- 
ure 2, the two angiomyolipomas from the right and 
left kidneys of patient No. 29 have similar micro- 
satellite patterns. In both lesions, the LOH break- 
point lies within a 1.7 cM interval, between SPN 
and D16SZ85. The LOHs in the giant cell astro- 
cytoma and the renal angiomyolipoma of patient 



LOSS OF HETEROZYGOSITY IN TSC HAMARTOMAS 



2t 



No. 3 span different markers: DI6S420 and 
Dl6S2% show LOH in the astrocytoma but not in 
the angiomyolipoma (Figs. 2, 3). Indeed, rhe LOH 
breakpoints differ in the two lesions, mapping be- 
tween D16S296 and SPN in the astrocytoma and 
between D16S401 and D16S420 in the angiomyo- 
lipoma. The minimal genetic distance between the 
two LOH breakpoints is approximately 6 cM, i.e., 
equal to the D16S420-D16S296 interval. 

It is worth noting that, in the angiomyolipomas, 
at variance with the astrocytomas, the "lost" allele 
often shows a residual, faint signal on autoradiog- 
raphy (Fig. 3), This phenomenon is likely to be 
due to the fact that angiomyolipomas arc often in- 
termingled with trace amounts of normal tissue 
and/or mononuclear cell infiltrates. Therefore, a 
consistent 50% or higher reduction in band inten- 
sity, compared to the pattern of control DNA, was 
considered indicative of LOH (see II B API, KG8, 
and D16S401 in Figure 3 as representative exam- 
ples). Further evidence that the fainter alleles at 
multiple markers shown by angiomyolipoma No. 3 
were consistent with a true LOH is that all faint 
16pl3-linked alleles could be assigned to the same 
parental haplotype. 

Seven tumor suppressor gene-containing regions 
{VHU WC, MLM, TP53 % NFJ % BRCAI, and NF2), 
located in five different chromosome segments 
(3p25, 5q2I, 9p21, 17pl3, 17ql1, 17q21, and 
22ql2), were tested for LOH in 19 of the 20 ha- 
martomas (Fig. 4). None showed evidence of 
LOH. Only the D9S104 marker appeared to have 
lost one allele (the paternal one) in astrocytoma 
No. 33 (Carbonara ct al., 1994). All informative loci 
tested, both distal (D9SI 71 , D9S161)and proximal 
(D9S43, D9S52, D9S319, D9S165) co D9S104, re- 
tained the germline configuration (not shown). Fi- 
nally, no LOH at U9S104 was present in the other 
12 hamartomas that were informative at this locus 
(Fig. 4). 

DISCUSSION 

The pathogenetic mechanisms for the develop- 
ment of multiple hamartomas in TSC are still ob- 
scure. Important breakthroughs have been the 
mapping of two genes, TSCI and TSC2, at 9q34 
(Fryer et al., 1987; Northrup et al., 1987) and 
16pl3 (Kandt et al., 1992), respectively, which ac- 
count for most, if not all, familial cases (Sampson 
and Harris, 1994), and the observation of LOH at 
either region in some TSC hamartomas (Green et 
al., 1994a, b; Carbonara ct al., 1994). On the basis 
of the latter findings and the GAP-Iike putative 
function of the recently cloned TSC2 gene (Euro- 
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Figure 2. LOH analysis at 1 6p and 1 6q markers in the left (L) and 
right (R) renal angiomyolipomas (AML) of patient 29 and in the angio- 
myolipoma and giant cell astrocytoma (GCA) of patient 3. Genetic dis- 
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(in parenthesis) are according to the CEPH consortium linkage map of 
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rated by dashed lines. 



pean Chromosome 16 Tuberous Sclerosis Consor- 
tium, 1993), it has been suggested that the "two- 
hit" mutation model, already confirmed in more 
than a dozen tumor suppressor loci (Knudson, 
1993), might fit TSC as well. According to this 
model, a cell should require biallelic loss-of-func- 
tion mutations at either TSC locus in order to be- 
come the progenitor of hamartomas; in a TSC pa- 
tient, the first inactivating mutation is likely to be 
germline, whereas the second allele is knocked out 
somatically. Open questions are whether the sec- 
ond hit is uni- or multifocal in origin, at which 
developmental stage it occurs, whether TSCI and 
TSC2 defects show some sort of tissue specificity or 
different clinicopathologic severity, and finally 
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HBAP1 KG8 D16S401 D16S420 D16S296 D16S409 D16S419 

Figure 3. Polyacrylamide gel electrophoresis analysis of H&API. olipoma (Am) of patient 3. The solid arrowhead shows the allele lost in 

KGB. DI6S40I. DI6S420. DI6S296, DI6S409,and D 1 6S4 1 9 genotypes both the angiomyolipoma and the astrocytoma; the open arrowhead 
from peripheral blood leukocytes (P). astrocytoma (As), and angiomy- shows the allele lost in the astrocytoma only. 
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whether known antioncogencs arc involved in the 
progression of the hamartomas. 

In the present work, we have addressed these 
points through a detailed investigation of Joss of 
heterozygosity at the two JSC loci and seven 
known tumor suppressor gene-containing regions 
on 20 surgical specimens of hamartomas removed 
from the kidney, brain, and heart of 18 TSC pa- 
tients. The parents and other first-degree relatives 
of 10 probands, including seven of the eight show- 
ing LOH, were examined clinically, and four fa- 
milial cases were found. The remaining eight 
probands, whose relatives could not be examined, 
had no family history of signs and symptoms of 
TSC. For simplicity, they were provisionally in- 
cluded among the sporadic group, although we are 
aware of the limits of such a classification because 



of the well-known variability of expression of the 
disease (Northrup et al., 1993). 

Our data show that LOH at cither TSC locus can 
be detected in a large fraction of the hamartomas 
(10/20; 50%), both from sporadic (7/14) and from 
familial (1/4) cases. The involvement of the two 
loci appears mutually exclusive; i.e., concomitant 
LOH at the two TSC loci was never found. Inter- 
estingly, a clear predominance of LOH at the TSC2 
locus is evident among the sporadic patients: In 
this subset, all documented TSC LOH occurred at 
16p, i.e., in seven of 14 subjects informative at 
both loci, whereas no allele loss at 9q34 was found 
(P < 0.01). LOH at 16pl3.3 and not at 9q34 has 
recently been reported in hamartomas from five of 
eight TSC patients (Green et al., 1994a). A series 
of possible explanations must be considered. 
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First, the LOH method might not be suitable for 
detection of second-hit mutations of TSCi, perhaps 
because large LOH regions arc underrepresented 
at this locus, with microdclctions, point mutations, 
or gene conversions favored, whereas the majority 
of TSC2 losses described herein are quite large, 
spanning the telomeric to the pcriccntromcric 16p 
markers. It is possible that, during ontogeny, a 9q 
LOH undergoes a higher negative selection than 
does an equivalent LOH at 16p, e.g., because of 
the higher gene content at 9q or because of paren- 
tal imprinting of 9q-linked genes. The imprecise 
location of TSC I and the fact that not all subjects 
were informative at. all loci spanning the 9q34 crit- 
ical region might have contributed in part to the 
low rate of 9q-LOH detection. 

A second possibility is that of a higher mutation 
rate of the TSC2 gene. If this is indeed the case, a 
higher proportion of TSC2- vs. 7IVc?/-linked fami- 
lies should be observed at the population level. 
Contradictory data on the prevalence of TSC J- vs. 
7tf£Minkcd families (30% to 70%) can be found in 
the literature (Northrup et al., 1992; Kwiatkovvski 
et al., 1993; Povey et ah, 1994a). 

Intrigued by these findings, we thought that an 
ascertainment bias might be responsible for both 
the preferential TSC2 involvement in the hamarto- 
mas and the preponderance of either 7SC/- or 
73'6^-linked families in different studies. Multiple 
hamartomas are the characteristic signs of TSC, 
but, because they do not metastasize, their clinical 
consequences may vary from purely aesthetic ones, 
when the skin is mostly affected, to severe organ 
malfunction due to distortion of the architecture of 
a given tissue. Only occasionally, prompt removal 
of the cell mass is required, after the rupture of a 
large renal cyst, acute endocranial hypertension, or 
severe impairment of intracardiac blood flow. The 
subjects investigated in this study belong to the 
latter group, i.e., those with the most severe organ 
impairment. We therefore suggest that a TSC2 
germline mutation might confer a greater suscep- 
tibility to a rapid growth of angiomyolipomas and, 
possibly, giant cell astrocytomas. 

Thus far, no statistically significant difference in 
dermatologic and/or neurologic signs and symp- 
toms between patients with TSC!- and TSC2- 
li nked disease has been confirmed (Povey et al., 
1994b). Nevertheless, a quantitative estimate of 
the severity of kidney involvement in the two sub- 
sets of patients has not been attempted. It is there- 
fore conceivable that differences in the severity of 
the probands' signs and symptoms account for the 
discrepancies in the reported prevalence of TSC/- 



vs. 7IS'6^-iinked families. A careful clinical and mo- 
lecular investigation of a larger set of patients is 
necessary for verification of this hypothesis, which 
has important prognostic implications. 

A second issue we have addressed is that of the 
uni- or multifocal origin of the somatic mutation. 
Hamartomatous lesions from both kidneys, or brain 
and kidney, were available from two TSC patients 
who showed LOH at 16p. Interestingly, in the gi- 
ant cell astrocytoma and renal angiomyolipoma 
from the first patient (No. 3), the LOH break- 
points map to different genetic intervals, at least 
5.9 cM apart (see Fig. 2). This finding suggests 
that two independent, postzygotic events might be 
responsible for the loss of the putatively normal 
TSC2 allele in the two lesions. Whether they both 
occurred in a short temporal window of embryonic 
development, e.g., cither before or some time af- 
ter gastrulation, cannot be determined from the 
present data. To answer this question, a larger 
sample of affected tissues of both neuroectoderm 
and mesoderm origin should be tested in the same 
patient. Homozygosity for the Tsc2 mutation ap- 
pears to be lethal in the Eker rat (Kobayashi et al., 
1995); if the early occurrence of the second-hit mu- 
tation is a general phenomenon in TSC, a dramatic 
cell selection would be expected to occur, occa- 
sionally interfering with the viability of the em- 
bryo. According to this view, one may predict that 
the isolated hamartomas often observed in subjects 
not fulfilling the minimal diagnostic criteria for 
TSC might reflect the later stage of embryonic 
development in which the inactivation of the sec- 
ond TSC allele took place. 

An identical LOH pattern appeared in the two 
angiomyolipomas from the right and left kidneys of 
the second patient (No. 29). An apparently identi- 
cal LOH region has been recently reported by 
Green cr al. (1994a) from both a rhabdomyoma and 
a cortical tuber from a TSC patient. In our case, 
the two LOH breakpoints lie within the same 1.7 
cM interval, in the 1 6p 1 1 region. Because in at 
least five of the nine 16p LOHs described here the 
proximal breakpoints arc located near or within this 
chromosomal region (16pl2-pll), the latter finding 
is compatible either with a unifocal origin or with 
two independent events resulting in an apparently 
identical LOH pattern. 

Finally, none of the seven tumor suppressor 
gene-containing regions tested showed clear evi- 
dence of LOH. Only the D9S104 marker, located 
at 9p21, a region frequently lost in many types of 
tumors (Diaz et al., 1988; Olopade et al., 1992, 
1993; Cheng et al., 1993; Mcrlo et al., 1994), 
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showed LOH in a single lesion (a giant cell astro- 
cytoma) among the 13 informative samples inves- 
tigated. The recently identified gene for the inhib- 
itor of the cyclin-dependent kinase 4 (CDK4I; 
Kamb et at., 1994; Nobori et aL 1994) was ruled 
out, because it lies tclomcric to FWS104, between 
the I FN A and D9S171 markers, which both retain 
the germline configuration. We could narrow down 
the 9p LOH to a short interval: proximal to 
D9S161 and distal to D9S43, D9S52, and D9S319. 
This finding, although of uncertain significance for 
the pathogenesis of TSC hamartomas, might prove 
helpful for localization of other tumor suppressor 
genes near the MLM crirical region. The apparent 
germline configuration at known untioncogene loci 
is not surprising, in that TSC is not a cancer-prone 
disease. Nevertheless, at present we cannot ex- 
clude the possibility that other genes play some 
role in the progression of the hamartomas. Al- 
though the functional inactivation of TSCl and 
TSC2 appears to fit to the two-hit model originally 
described for the antioncogenes, it seems to us that 
terms such as stem cell growth suppressors or reg- 
ulators may be more appropriate to the putative 
function of the TSC genes. 
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Previous reports showed that the loss 
of DNA sequences on the short arm 
of chromosome 3 (3p) is consistently 
found in sporadic renal cell carcino- 
mas. To evaluate the significance of 
this genetic change, we looked for the 
loss of 3p alleles in hereditary renal cell 
carcinomas and other tumors from pa- 
tients with von Hippel-Lindau disease. 
Specific loss of alleles from chromo- 
some 3p was detected with polymor- 
phic DNA markers in 11 renal cell 
carcinomas, one pheochromocytoma, 
two spinal hemangioblastomas and one 
cerebellar hemangioblastoma from von 
Hippel-Lindau patients. Multiple renal 
cell carcinomas in individuals with von 
Hippel-Lindau disease showed loss of 
the same chromosome 3p alleles, which 
demonstrated that the same chromo- 
some was deleted in each tumor. Anal- 
ysis of haplotypes indicated that the 
loss of chromosome 3p alleles was 
from the chromosome bearing the bal- 
ancing, wild-type allele of the VHL 
gene. These results are consistent with 
the concept that the VHL gene is a 
recessive oncogene. Renal cell carci- 
noma, pheochromocytoma, and spinal 
and cerebellar hemangioblastomas de- 
velop in predisposed family members 
when somatic mutational events lead 
to loss of chromosome 3p sequences 
bearing the wild-type allele of the VHL 
gene. [J Natl Cancer Inst 81:1097- 
1101, 19891 



von Hippel-Lindau disease is an au- 
tosomal dominant trait characterized 
by retinal angiomas, cerebellar and 



spinal hemangioblastomas, pheochro- 
mocytomas, renal cell carcinomas, and 
benign tumors of the testicle and pan- 
creas (7). The VHL gene is linked to 
RAF1 (2), a gene located on chromo- 
some 3p (3). The mechanism by which 
the VHL gene predisposes to neoplasia 
in different target organs is not known. 
One possibility is that the VHL gene is 
a recessive oncogene. Genes that lead 
to cancer when both copies have been 
inactivated by mutation have been re- 
ferred to as recessive oncogenes or tu- 
mor suppressor genes (4). Retinoblas- 
toma, Wilms* tumor, multiple endocrine 
neoplasia type I, and bilateral acous- 
tic neurofibromatosis (5-9) arc among 
the malignant diseases in which reces- 
sive oncogenes play a critical role in 
tumor origin. The hallmark of a re- 
cessive oncogene is the specific and 
consistent loss of the wild-type allele 
of the disease gene in tumors of pa- 
tients with heritable forms of cancer. 
In the absence of a probe for the dis- 
ease gene, loss of the wild-type allele 
can be tested indirectly with polymor- 
phic DNA markers located around the 
disease gene locus. 

We performed an analysis of DNA 
polymorphism on 17 tumors obtained 
from seven patients with von Hippel- 
Lindau disease. Deletion of DNA se- 
quences on chromosome 3p was de- 
tected in 1 1 renal cell carcinomas, one 
pheochromocytoma, two spinal heman- 
gioblastomas, and one cerebellar he- 
mangioblastoma. We could determine 
maternal or paternal origin of 3p al- 
leles for six tumors; in all six, dele- 
tion of chromosome 3p DNA sequences 
was from the chromosome bearing the 
wild-type allele of the VHL gene. 

Methods 

Tumor and non-neoplastic tissues 
were obtained from patients treated at 
The Johns Hopkins Hospital (Baltimore, 
MD), the Methodist Hospital (Hous- 
ton, TX), and the Surgery Branch and 
Surgical Neurology Branch of the Na- 
tional Cancer Institute. The diagnosis 
of von Hippel-Lindau disease was 
based on established criteria (/). Each 
tumor was examined by the cryo- 
stat section technique before extrac- 
tion of high-molecular-weight DNA. 
Conditions for digestion of DNA with 



restriction endonucleases, agarose gel 
electrophoresis, transfer to nylon mem- 
branes, and hybridization have been de- 
scribed (10). 

To detect the somatic loss of chro- 
mosome 3p sequences, we typed tu- 
mor and corresponding normal (leuko- 
cyte or normal kidney) DNA with eight 
polymorphic DNA markers for chro- 
mosome 3: (a) D3S4, DNFI5S2, and 
D3S32 are anonymous loci, members 
of a linkage group on chromosome 3p 
(11)\ the. loci are ordered with D3S4 
closest to the centromere (Nakamura 
Y, White Rf unpublished data). D3S4 is 
detected by probe B67 (12); DNF15S2 
is detected by probe pH3H2 and has 
been mapped to 3p21 (13). D3S32 
is detected by probe pEFD 145.1 (//). 
(b) ERBA0, the avian erythroblastic 
leukemia viral oncogene homolog 2 
detected by probe pBH302, has been 
mapped to 3p2 1-25 (14, 75); RAF1, the 
murine leukemia viral oncogene ho- 
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molog 1, has been mapped to 3p24-25 
(J), (c) D3S17 and D3S18 are anony- 
mous loci, members of a linkage group 
on 3p. D3S17 is detected by probe 
CR1-L892; D3SL8 is detected by probe 
CRI-L162 (/<$). (d) D3S42, an anony- 
mous DNA locus detected by probe 
pEFD64.l, has been mapped to chro- 
mosome 3q (Nakamura Y, White R: un- 
published data). Six of seven patients 
with von Hippel-Lindau disease were 
heterozygous in their normal tissue for 
at least one of the eight polymorphic 
DNA markers, and we were therefore 
able to determine whether loss of con- 
stitutional heterozygosity had occurred 
in the respective tumor tissue. 

To quantitate the loss of 3p alle- 
les in tumor tissue, we measured the 
hybridization signals by scanning au- 
toradiography with a densitometer. We 
analyzed the data to determine the ra- 
tio of hybridization signals from con- 
stant bands from chromosome I (probe 
pH3H2) in normal tissue and tumor 
DNA and then used this factor to cor- 
rect for differences in the amount of 
DNA in the lanes. 

To determine whether the chromo- 
some 3p alleles deleted in tumors of 
patients with von Hippel-Lindau dis- 



ease were inherited from the affected 
or nonaffected parent, we determined 
the chromosome 3p genotypes of par- 
ents of patients with von Hippel-Lindau 
disease. We found that we could un- 
ambiguously assign the source of the 
deleted 3p allele in patients i, 3, and 
7 in whom the following criteria were 
met: (a) sample was obtained for.DNA 
analysis from affected and nonaffected 
parents of the patient; and (b) one par- 
ent was heterozygous and the other was 
homozygous at the locus shown to be 
deleted in the tumor of the patient. 

Results 

We examined renal cell carcinoma 
associated with von Hippel-Lindau dis- 
ease for chromosome 3p allele loss be- 
cause of the location of the VHL gene, 
reports of chromosome 3p alterations 
in two tumors of this type (77, 18); and 
previous findings of consistent 3p al- 
lele loss in sporadic renal cell carci- 
noma (/9,20). Examination of renal 
cell carcinomas from patients with von 
Hippel-Lindau disease may resolve the 
issue of whether chromosome 3p loss in 
renal tumors reflects a genetic change 
important in the origin or evolution 



of these tumors. We analyzed 1 1 re- 
nal cell carcinomas from three patients 
with von Hippel-Lindau disease; all (1 1 
of 1 1) renal cell carcinomas had a loss 
of chromosome 3p alleles. There was 
a pattern to 3p allele loss in heredi- 
tary renal cell carcinomas. All four re- 
nal cell carcinomas from patient 1 had 
lost the same chromosome 3p allele 
(DNF15S2, allele I) as shown in ta- 
bles 1 and 2 and figure 1. Five of six 
renal cell carcinomas from patient 2 
had lost the same chromosome 3p allele 
(DNF15S2, allele 1) depicted in tables 
I and 2 and figure 1. Analysis of segre- 
gation of chromosome 3 p alleles in the 
families of patients 1 and 7 indicated 
that the chromosome that sustained the 
loss was inherited from the nonaffected 
parent (table 3). 

Loss of chromosome 3p alleles in 
primary renal cell carcinomas was de- 
tected by reduction of allele signal in- 
tensity. With the probe for DNF15S2 
the results were: in patient 1, allele 
1 was decreased 57% in RCC1, 67% 
in RCC2, 60% in RCC3, and 52% in 
RCC4; in patient 2, allele I was de- 
creased 52% in RCC1, 54% in RCC2, 
43% in RCC3, 20% in RCC4, 75% in 
RCC5, and 0% in RCC6. The residual 



Patient 
No. 



4 
5 

6 
7 



Table. 1 Chro mosome 3p allele toss in tumors from patients with von Hippel-Lindau disease* 

lx>cus 3p 



3q 



Tumor 


D3S42 


D3S4 


DNF15S2 




(T) (P) 


(T) 


(H) 


RCC1 


12 


12 


2 


RCC2 


12 


12 


2 


RCC3 


12 


12 


2 


RCC4 


12 


12 


2 


RCC1 


12 


2 


2 


RCC2 






2 


RCC3 


2 


2 


2 


RCC4 




12 


2 


RCC5 


2 


2 


2 


RCC6 


12 


12 


12 


SH 




12 




P 




2 




SH 


12 






SH 


t2 


12 




CH 


2 


1 




SH 




12 


I 


RCCi 









D3S32 
(T) 



ERBA0 
(H) 



RAF1 
(B) (T) 



2 
2 



11 
I 



2 
2 

2 

I 



I 



12 
I 



D3SI8 
(T) 



2 

2 

2 
2 

12 

2 



D3S17 
(T) 



2 
2 



2 
2 



♦Loss of alleles at loci on chromosome 3p in different tumor types from patients with von Hippel-Lindau disease Letters in parentheses indicate the 
restriction endonuclease: T, Taqh M. Mspl; H, fflndlll; B, flfr/I; P, PtailL Tumor phenolype is always shown when the blood leukocytes (or ^>>J^> 
showed heterozygosity: "1 2" indicates heterozygosity in the tumor sample; 44 1" indicates retention of the larger allele and loss of the smaller allele, 2 
indicates retention of the smaller allele and loss of the larger allele. Dash indicates that the sample was homozygous at that locus. Absence of an entry 
indicates that the sample was not tested because of an insufficient amount of DNA. A number "1" or "2" with an underline indicates a chromosome 3p 
allele was retained in the tumor and inherited from the parent affected with von Hippel-Lindau disease. RCC - renal cell carcinoma. 



1098 



Journal of the National Cancer Institute 



Table 2. Change in DNF15S2 alleles in renal cell carcinomas from patients 
with von Hippel-Lindau disease* 



Percent decrease 
in allele 1 



1 RCCl 039 57 
RCC2 0.30 67 
RCC3 0.67 60 
RCC4 0.65 52 

2 RCCl 0.20 52 
RCC2 0.25 54 
RCC3 0.53 43 
RCC4 0.52 20 
RCC5 0.32 75 
RCC6 0.93 0 



♦Changes in signal intensity (19) and ratio of signal intensity (2/) were measured by quantitative 
densitometry in a previous study. Percent decrease in nine sporadic renal cell carcinomas varied from 
29% to 60% (/£). Ratio oflarger and smaller DNA fragments (DNF15S2) in DNA extracted from 
normal kidneys was 1.082, with a 95% upper tolerance limit of 1 .363 and a lower tolerance limit of 
0.801. Value of allele ratio fell outside the 95% tolerance limits in patient 1 for renal cell carcinoma 
1-4 (RCCl -RCC4); in patient 2, value for allele ratio fell outside the 95% tolerance limits for 
RCC1-RCC5. 



signal present in renal tumor samples tion or total chromosome loss rather 

probably originated from host Leuko- than loss and reduplication or mitotic 

cytes known to be present in primary recombination. 

renal cell carcinomas (79,22,23). The We tested renal cell carcinomas with 

hybridization signal of the remaining 3p a battery of eight probes previously 

allele was unchanged in tumors of pa- mapped to chromosome 3 (table 1) to 

tients 1 and 2, which indicates a dele- estimate the size of the deletion and ob- 



a> r- csi o 




>% 

V t- CM CO ^ m CD 




tain information on location of the VHL 
locus. In patient I, the same chromo- 
some 3p alleles were lost in each of the 
four renal cell carcinomas.; the pattern 
of allele loss was consistent with a ter- 
minal deletion of chromosome 3p be- 
ginning distal to the D3S4 locus. How- 
ever, the pattern of allele loss differed 
in the individual renal cell carcinomas 
from patient 2. That RCC3 and RCC5 
had a loss of alleles at loci on 3p (D3S4, 
D3S30, DNFI5S2) and 3q (D3S42) 
suggests a loss of the entire chromo- 
some 3; a loss of alleles from RCCl at 
three loci (D3S4, D3S30, DNFI5S2)on 
chromosome 3p suggests an interstitial 
or a terminal deletion. RCC6 retained 
heterozygosity at the D3S4, D3S30, and 
DNF15S2 loci but had allele loss at the 
D3S18 locus. This result indicates that 
the VHL gene may be located distal to 
DNF15S2. 

We analyzed two other histologic 
types of tumors associated with von 
Hippel-Lindau disease for chromosome 
3p allele loss. Loss of alleles at loci on 
chromosome 3p (D3S32; ERBA0) was 
detected in a pheochromocytoma from 
patient 3 and in hemangioblastomas 
from patients 5 and 6 (table I, fig. 2). 
Reductions in signal intensity of one al- 
lele at the D3S32 locus (pEFD!45.1) in 
tumor tissue were quantitated by den- 
sitometry. In the pheochromocytoma 
of patient 3, the decrease was 56%; 
in the spinal and cerebellar heman- 
gioblastomas of patient 5, the decreases 
were 49% and 85%, respectively; and in 
the spinal hemangioblastoma of patient 
6, the decrease was 51%. The resid- 
ual signal in the pheochromocytoma 
and hemangiobiasioinas probably orig- 
inated from leukocytes and connective 
tissue cells present in the tumors. Hap- 
lotype analysis showed that the chro- 
mosome 3p alleles that were lost in the 
pheochromocytoma of patient 3 were 
on the chromosome inherited from the 
nonaffected parent. 

The specificity of chromosome 3p 
losses was examined in nine tumors 
with recombinant DNA probes to loci 
located on nine other chromosomes (ta- 
ble 4). Heterozygosity was maintained 
in tumor tissue in 62 of 65 instances in 
which normal tissue was heterozygous 
at the tested locus. One of four renal 
cell carcinomas from patient I and the 
pheochromocytoma from patient 3 had 



1 2 

Figure 1. Analysis of alleles at a locus on chromosome 3p in renal cell carcinomas associated with 
von Hippel-Lindau disease. Panels show autoradiographs of Southern blot filters of DNA samples from 
renal cell carcinomas of two patients with von Hippel-Lindau disease. After bilateral nephrectomy, 
DNA was isolated from multiple, discrete renal cell carcinomas and corresponding normal kidney, 
digested with appropriate restriction enzymes, fractionated by agarose gel electrophoresis, and trans- 
ferred to nylon niters. Filters were hybridized widi radiolabeled probe pH3H2. Patient No. are shown 
below the autoradiographs. Numbers on the left of the panels indicate the observed alleles, with "1" 
and "2" referring to the larger and smaller allelic restriction fragments, respectively. "C M indicates a 
constant DNA fragment. In each patient, the DNA fragments in normal tissue were compared with 
those in the tumor. Kidney = DNA from kidney not involved with tumor, RCC1-RCC4 = individ- 
ual RCC removed from the right and left kidneys of patient I; RCC1-RCC6 = individual RCC 
removed from the right and left kidneys of patient 2. 
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Table 3. Parental origin of chromosome 3p alleles lost in tumors from patients 
with von Hippel-Lindau disease* 



Patient 

No. 


Chromosome 3p 
locus 




Affection status 




Patient's 

tumor 
genotype 


Father's 
constitutional 
genotype 


Mother's 
constitutional 
genotype 


Patient's 
constitutional 
genotype 


1 


DNFI5S2 


ll(NA) 


12(A) 


12(A) 


2 


3 


D3S32 


12(A) 


22(NA) 


12(A) 






ERBA0 


12(A) 


22(NA) 


12(A) 


i 


7 


D3S32 


12(NA) 


11(A) 


12(A) 


1 



inheritance ot chromosome jp aiieies k»i v<mu man™, ™ r ~. . A 

Lindau disease. "A" indicates an individual affected with von Hippel-Lmdau disease; N A indicates 
an individual not affected with von Hippel-Lindau disease; "II" or "22 indicates that the individual 
was homozygous at that locus; "12" indicates that the individual was heterozygous at that locus. I 
indicates retention of the larger allele and loss of the smaller allele; "2" indicates retention of the 
smaller allele and loss of the larger allele. A number "1" or "2 with an underline indicates a 
chromosome 3p retained in the tumor and inherited from the patient affected with von Hippel-Lindau 
disease Tumors analyzed were: patients I and 7, renal cell carcinoma; patient 3, pheochromocytoma 
Conclusions as to origin of 3p alleles lost were reached as follows: Constitutional tissue of patient I 
was heterozygous (/2) at the DNF15S2 locus. Patient I must have inherited allele 2 from his affected 
mother (genotype 12) and allele 1 from nonaffectcd father (genotype 11). Allele I from ihepattenis 
father was lost in the renal cell carcinoma. 



ioss at a locus (HBG) on chromosome 
lip; the pheochromocytoma also had 
loss at a locus on chromosome 21. The 
high frequency of retention of heterozy- 
gosity indicates that the loss of chro- 
mosome 3p sequences in renal cell car- 
cinomas of von Hippel- Lindau patients 
shows chromosomal specificity. 

Discussion 

A unique feature of the present study 
was the analysis of multiple tumors that 
developed in individuals with an inher- 



ited predisposition to develop cancer. 
In familial renal cell carcinoma like 
sporadic renal cell carcinoma (/9), we 
found a consistent loss of alleles at loci 
on the short arm of chromosome 3. In 
familial renal cell carcinoma there was 
a pattern to chromosome 3p allele loss. 
Multiple renal cell carcinomas in indi- 
vidual patients with von Hippel- Lindau 
disease showed loss of the same chro- 
mosome 3p alleles, which demonstrated 
that the same chromosome was deleted 
in each tumor. In all (five of five) hered- 
itary renal cell carcinomas that could be 
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Figure 2. Analysis of alleles at a locus on chromosome 3p in hemangioblastomas and a pheochro- 
mocytoma associated with von Hippel-Lindau disease. DNA from tumor samples and corresponding 
peripheral blood leukocytes were digested with appropriate restriction endonudeascs and analyzed by 
the-Southem blot technique. Filters were hybridized with radiolabeled probe pEFD 145.1 (D3M2). Pa- 
tient No. are shown below the panels. Numbers on the left indicate the observed alleles with and 
"2" referring to the larger and smaller allelic fragments, respectively. Blood = DNA from pen pheral 
blood leukocytes; P = DNA from a pheochromocytoma; SH = DNA from spinal hemangioblastomas; 
CH = DNA from a cerebellar hemangioblastoma. 
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evaluated for maternal or paternal ori- 
gin of 3p alleles, the chromosome 3p al- 
leles that were lost were located on the 
chromosome 3 bearing the wild-type 
allele of the VHL gene. These obser- 
vations indicate that the loss of the 
balancing allele of the VHL gene is 
a prerequisite for tumorigenesis in re- 
nal cell carcinoma associated with von 
Hippel-Lindau disease. 

Two other histologic types of tumors 
associated with von Hippel-Lindau dis- 
ease were examined for chromosome 
3p allele loss. The pheochromocytoma 
showed loss of the chromosome 3p 
bearing the wild-type allele of the VHL 
gene. Two hemangioblastomas from 
patient 5 showed loss of the same chro- 
mosome 3p alleles. These results sug- 
gest that the VHL gene, like the bi- 
lateral acoustic neurofibromatosis and 
retinoblastoma genes, is a recessive 
oncogene with pleiotropic action. Chro- 
mosome 3p allele loss observed in 
renal cell carcinoma, pheochromocy- 
toma, and central nervous system he- 
mangioblastomas associated with VHL 
represents the second step of a two- 
mutation process uncovering a null mu- 
tation at the VHL locus on chromosome 

3p (24,25). 

Hemangioblastomas are complex 
neoplasms containing at least two dis- 
tinct histologic ceil types. What remains 
unresolved is which cell type(s) is (are) 
neoplastic. This uncertainty makes it 
difficult for investigators to estimate ac- 
curately the proportion of neoplastic 
cells in hemangioblastomas and to cor- 
relate such estimates with changes in 
allele signal intensity. Our inability to 
detect chromosome 3p allele loss in the 
hemangioblastoma of patient 3 may re- 
flect a high proportion of normal cells 
in these tumors, or alternatively, the 
presence of a small deletion. Simul- 
taneous application of cell separation 
techniques and DNA polymorphism 
analysis to hemangioblastomas would 
be expected to improve detection of 3p 
deletion and to identify the cell type 
that contains this genetic change. 

The VHL gene product appears es- 
sential for the maintenance of normal 
differentiation of several distinct cell 
types. Formation of cysts and aberrant 
blood vessels are characteristic of aber- 
rant differentiation in tumors associated 
with von Hippel-Lindau disease. Isola- 

Journal of the National Cancer Institute 



Table 4. Specificity of chromosome allele loss in patients with von Hippcl-Lindau disease* 



Chromosome 



Patient 


Tumor 


2 


4 


6 


ii 


11 


13 


15 


16 


16 


17 


17 


21 


No. 


D2S44 


D4SI25 


D6S37 


HBG 


INS 


DI3SI 


DI5SI 


HP2 


D16S83 


D17S4 


DJ7S5 


D2ISI 13 






(M) (T) 


(R) 


<H) 


(H) 


(P) 


(M) 


(M) 


(H) 


(R) 


(T) 


CO 


(M) 


1 


RCCI 


12 


12 


12 


12 






12 


12 




12 




1 I 




RCC2 


12 


12 


12 


1 




— 


12 


12 


— 


12 


12 




RCC3 


12 


12 


12 


12 






I L 


1 z 




1 e. 




12 




RCC4 


12 






12 


















2 


RCCI 


12 








12 


12 


12 




12 


12 


12 


12 




RCC3 


12 








12 


12 


12 




12 


12 


12 


12 




RCC5 


12 








12 


12 


12 






12 


12 


12 




RCC6 


12 








12 


12 


12 






12 


12 


12 


3 


P 


12 






1 






12 




12 


12 


12 


I 



^Specificity of chromosome 3p loss in tumors from paiients wiih von Hippel-Lindau disease. See table 1 footnote for description of symbols. Letters in 
parentheses indicate the restriction endonuclcase: T. Taqh M. Mspl, H, HindlW; R, /tail; P, Pvull. 



tion of the VHL gene will be invaluable 
in the development of predictive tests 
and in comprehension of the pathogen- 
esis of this disease. 
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